Since fine powders tend strongly to adhesion and agglomeration, their processing with conventional methods is difficult or impossible. Typically, in order to enable the handling of fine powders, chemicals are added to increase the flowability and reduce adhesion. This contribution shows that instead of additives also vibrations can be used to increase the flowability, to reduce adhesion and cohesion, and thus to enable or improve processes such as precision dosing, mixing, and transport of very fine powders. The methods for manipulating powder properties are described in detail and prototypes for experimental studies are presented. It is shown that the handling of fine powders can be improved by using low-frequency, high-frequency or a combination of low-and high-frequency vibration.
Introduction
In the field of biotechnology, the pharmaceutical industry, production of plastics, and additive manufacturing, raw materials are increasingly provided as fine powders in order to optimize the process quality or duration.
Due to specific adhesive and cohesive material behavior that leads to agglomeration and permanent adhesion to surfaces, the handling-in particular the exact dosing, the transport, and the production of uniform powder mixtures and the dispersion of fine powders-is challenging and has not yet been satisfactorily solved. While commercialized solutions with conventional knocking, vibrating, stirring or shaking technologies work well with coarser powders, they have reached their technical limits with fine powders.
In order to enable dosing, transportation, dispersion and mixing of fine powders, new techniques have to be found. There are several ways to improve the handling of fine powders. While chemists prefer to use additives [1] to reduce adhesion and cohesion in order to improve the flowability and avoid agglomeration, physicists prefer to use air flow [2] or mechanical vibration [3] to achieve the same effect. The use of additives leads to a permanent altering of powder characteristics. Thus, the application of additives may have a negative effect on the subsequent process steps. The application of vibrations, on the other hand, does not cause a permanent change in the powder characteristics. The effect is reversible, and when used correctly does not affect the following process steps. Hereafter, new methods are described that contribute to improving the handling of fine powders.
The following experiments were all done with standard flour (Type 405). With particle sizes between 2 and 200 µm, it exhibits all the characteristic features of fine powders, such as poor flowability, strong agglomeration and strong adhesion.
Flowability and Powder Dosing
Poor flowability makes dosing a difficult task. When handling coarse, free-flowing powders, gravity is in most cases sufficient to remove powder from a conical container (for example a silo or funnel). Fine powders, however, tend to bridging at conical outlets. The powder sets and interrupts any gravity-driven flow. If bridging occurs unexpectedly during a process, the most common solutions to enable the flow are hammer beats or inflowing air. As shown in [4] , the correct use of mechanical vibrations can reduce the shear strength of cohesive powders and thus improve the flow behavior.
A simple method for determining the flowability of powders is the measurement of the angle of repose on a powder heap [5] . To investigate the effect of vertical vibrations on the flowability of cohesive powders, a heap of flour was placed on a circular vibratory surface with a diameter of 30 mm. Figure 1 shows the described setup. Figure 1a was taken at a static state and shows an angle of repose of 55 • . With increasing vibration amplitude, see Figure 1b ,c, the angle of repose decreases. At a critical vibration amplitude, the whole powder heap is dispersed and shaken off. The same experiment was carried out at different frequencies and vibration amplitudes. Figure 2 shows a set of individual measurements at frequencies of 30, 50 and 100 Hz. There is a linear relationship between the angle of repose and the acceleration amplitude; frequency doesn't seem to have an impact. However, for higher frequencies, this relationship becomes increasingly non-linear. At frequencies above 100 Hz, especially in the ultrasonic range, the vibration is highly damped by interparticular friction. The vibration does not penetrate far enough into the powder heap and therefore has less influence on the flowability. However, ultrasonic vibrations can still be used to reduce flowability, but are limited to very small amounts of dry fine powders, as shown by [6] [7] [8] on the microfeeding of dry fine powders.
For dosing powders, sufficient flowability is a basic requirement. By means of a coordinated increase of the flowability, the powder flow in a dosing system can be controlled. Figure 3 shows systems for fine and coarse dosing of fine powders. For fine dosing, a glass pipette with a knocking device is used, as shown in Figure 3a . Fine powders like flour build bridges, and thus block up the conical outlet of the pipette. When knocking at the pipette, the powder is fluidized and flows out. For the shown system with an outlet diameter of 2 mm, the knocking frequency was chosen within the range between 100 and 300 Hz. By varying frequency and amplitude of the excitation signal, the powder flow could be controlled between 1 and 70 mg/s. A similar system, consisting of a cylindrical pipe with a sieve at the outlet, as shown in Figure 3b , is used to reach higher flow rates. Due to bridging and agglomeration, fine powder clogs over the sieve. When the powder is excited to vibrations, it flows through the sieve. A system was built up with a pipe diameter of 20 mm and a mesh size of 1 mm. At excitation frequencies of up to 100 Hz and amplitudes below 1 mm, flow rates between 120 mg/s and 3 g/s could be set.
The two systems show that coarse dosing of fine powders can be made possible by the use of vibrations as well as fine dosing. To achieve an uninterrupted powder flow at low flow rates, the two systems can easily be combined, so that the system for fine dosing is filled at certain intervals by the system for coarse dosing. In both systems, powder flows can be controlled by adjusting the vibration amplitude using a characteristic diagram of powder flow and vibration amplitude. A measurement of the powder flow during operation with conventional methods like a load cell is difficult due to the strong vibrations. To regulate the powder flow in a feedback control, complex signal processing must be handled or special sensors must be used.
Manipulation of Friction Forces and Powder Transport
The fact that friction forces can be manipulated by vibrations has been proven by different scientists [9] [10] [11] [12] [13] . Depending on the direction of the vibration, different mechanisms lead to apparent friction reduction. All mechanisms can be explained using a mass on an inclined plane, see Figure 4 . When the surface below the mass is excited to vibrate in sliding direction, the friction force has an accelerating effect for short phases instead of only acting as a brake, which leads to a lower time-average of friction force, and thus to an apparently reduced coefficient of friction. A transverse vibration in the sliding plane causes a similar effect [9, 10] . When exciting the surface to orthogonal vibration there is indeed friction reduction possible if the mass temporary loses contact as well as if the contact persists permanently [13] . In all cases, the vibration causes only a reduction of the time-averaged, effective frictional force. In detail, the frictional force oscillates. To simplify the modeling, the described effects can be summarized in a reduced time-averaged, effective friction coefficient µ. For simplification, it is also assumed that the coefficients of static and sliding friction are identical. So far, literature covers experiments on metallic solids only. Thus, similar experiments were carried out on dry fine powders.
A common method for the determination of friction coefficients is to measure the minimum inclination angle at which a mass starts to slide. According to Figure 4 the powder mass m P will slide down when the part of the weight force m P g parallel to the contact surface is higher than the frictional force
The normal force between plane and powder particle consists of a partial weight force and the adhesion force F a . If the adhesion force F a is negligible, the static friction coefficient µ can be calculated based on the inclination angle γ:
Although neglecting the adhesion force might cause larger errors, this method is well suited to studying the influence of vibration on the effective friction. In a simple test rig, the coefficient of effective friction µ for flour was determined under the influence of ultrasonic vibrations. Figure 5 shows the experimental setup consisting of an ultrasonic bolted Langevine transducer with a magnifying sonotrode with a cuboid tip. The transducer is operated at its resonance frequency of about 20 kHz. The powder is placed on top of the sonotrode tip. With the shown setup, the influence of longitudinal vibrations (i.e., parallel to the sliding direction) on the effective friction coefficient could be studied. The transducer can be tilted along all three axes so that vibrations in the transversal (i.e., perpendicular to sliding direction, in sliding plane) and orthogonal (i.e., perpendicular to sliding plane) directions can be examined as well. In an experimental series, the effective friction coefficient µ of flour on aluminum alloy (polished surface) at vibration excitation in longitudinal, transversal, and orthogonal direction with different vibration amplitudes was determined. A thin layer of powder was spread on the vibrating surface. While the inclination angle was fixed, the vibration amplitude was slowly increased until the particles moved into a sliding state. Since the sliding does not start at the same amplitude for all particles, average displacement amplitudes were recorded.
As shown in Figure 6 , all the vibrational directions show a significant reduction in the effective friction coefficient µ with increasing vibration amplitude. As lower friction coefficients are achieved at the same displacement amplitudes, the excitations in transversal and orthogonal directions are much more efficient than in the longitudinal direction. Knowing that the friction of powders can be apparently reduced by ultrasonic vibration, many chute-like transport processes for powders could be optimized. Additionally, conventional transport mechanisms like vibratory conveyors using the principle of inertia, which have increasingly problems with finer powders, can be optimized using "friction reduction" by ultrasound. As an example, the setup of a powder transport principle that is based on a harmoniously vibrating pipe and coordinated friction manipulation is described in the following [14] [15] [16] .
Schematically, the powder-carrying substrate vibrates harmoniously in an axial direction x C (t) with frequency f a and amplitudex C as shown in Figure 7 and Equation (3). Under negative relative velocity .
x C (t) − . x(t), a vibration in orthogonal direction z C (t) is superimposed, as shown in Equation (4), so that the effective coefficient of friction between powder mass m and pipe is reduced. The powder mass is therefore highly accelerated during time periods of positive relative velocity and slightly decelerated during periods of negative relative velocity due to lower friction and thus moves in one direction.
x C (t) =x C sin(2π f a t)
According to the described principle, a transport system was built, as shown in Figure 8 [14, 15] . The conveying part consists of a pipe which is excited to harmonious axial vibration by a voice-coil actuator (12 Ω, 75 W, Sony, Tokyo, Japan). The friction reduction is achieved by a radial vibration of the pipe, which corresponds to an orthogonal vibration of the substrate. This radial vibration is excited by an annular piezoelectric actuator (similar to Sonox P8, Ceramtec, Plochingen, Germany), which is adhered around the pipe wall and excites the pipe at the radial resonance frequency. In order to ensure reliable transport, the excitation signals of the voice-coil actuator and the piezoelectric actuator have to be synchronized exactly. The excitation signal of the piezoelectric actuator, which generates the radial vibration, has to be activated depending on the relative velocity, which presupposes the knowledge of the powder velocity .
x. Since the online measurement of the powder velocity requires significant effort, the piezoelectric actuator is turned on only at negative velocities of the conveying pipe .
x C ≤ 0. This is much easier, as the stroke of the pipe is directly proportional to the excitation voltage of the voice-coil actuator. However, this simplification comes along with a lower maximum of the powder velocity. The excitation signals for the voice-call actuator, as well as the piezoelectric actuator, were generated by a signal generator (Model 195, Wavetek, San Diego, CA, USA) which can output and synchronize several signals. Figure 9 displays the axial and radial displacement of the pipe for an exemplary excitation. The axial vibration, shown as a blue line with vertical axis on the left side is a sinusoidal curve with a frequency of 50 Hz and an amplitude of 0.5 mm. The radial vibration is shown as an orange curve with vertical axis on the right side. The pulsed signal has a frequency of about 35 kHz, which is a radial resonance frequency of the system and an amplitude of about 0.25 µm. Due to the high radial resonance frequency of the aluminum pipe, the transient phases of the radial vibration are extremely short. Therefore, the transportation is possible even at much higher frequencies of the axial vibration. Figure 10 shows the mean powder velocity v for different excitation amplitudes of both axial and radial vibration. This was determined as an average of the time that particles needed to travel along the pipe (20 cm). Powder velocity and mass-flow can be adjusted by changing the amplitudes of either the low-frequency axial vibration or the high-frequency radial vibration of the pipe as well as the pulse width of the radial vibration. The powder flow is reversed by shifting the phase between axial and radial excitation by 180 • . The built transport system was able to transport dry fine powders at a tilt angle of more than 10 • upwards. Due to the ultrasonic vibration of the pipe surface, which overcomes the strong adhesion of fine powders, only minimal residues of powder remain inside the pipe. The shown powder transportation principle can be used for very small, as well as for large, powder flows using the same pipe diameter. Experiments showed that the finest powders, with particle sizes of less than one micrometer, could be transported, as well as coarser powders.
Deagglomeration, Dispersion, and Mixing
There are a variety of principles for the deagglomeration and dispersion of powders using ultrasound. The easiest might be just putting powder on a vibrating surface. This principle is shown in Figure 11a . When touching the vibrating sonotrode surface, agglomerates receive an extremely high acceleration and are deagglomerated and dispersed. To achieve similar results without contact with the vibration surface, an intensive airborne ultrasonic field is needed. This can be generated by the vibrating surface of a sonotrode and a passive reflector (see Figure 11b ) or with two opposite vibrating sonotrodes. In both cases, the distance should be adjusted to achieve a resonant tuned standing wave field for maximizing sound pressure. Loose particles, as well as agglomerates, are trapped at pressure nodes, and due to the extreme pressure fluctuations over time, powders are deagglomerated and dispersed [17] . The disadvantages of this principle include the fact that the powder is dispersed in all directions and might touch the reflector, where it sticks or is dispersed as described above. In order to get a reliable powder flow, an additional airflow is advisable. A third option for achieving high sound pressure is shaping the vibrating surface so that the sound is focused. At this focus, the acoustic waves veer away from the sonotrode surface. When powder is dosed into the focus, it is deagglomerated and dispersed in a preferred direction. Figure 11c shows such a setup, consisting of a transducer with specially shaped sonotrode and dosing apparatus. To show the effectiveness of ultrasonic deagglomeration and dispersion, flour was dosed using the dosing apparatus described in Figure 3a with an outlet diameter of 2 mm. Thus, the agglomerates have a size of up to 2 mm, see Figure 12a . When ultrasound is applied as shown in Figure 11c , the agglomerates are dissolved, and a fine powder dust is generated, see Figure 12b . The diagram in Figure 13 shows the relative frequency of agglomerates or particles over their diameter. Agglomerates with diameters of up to 2 mm occur when the flour is dosed without using ultrasound. When ultrasound is applied, the maximum size of the agglomerates is at about 200 µm, which corresponds to the maximum particle size of flour and thus allows for the assumption that all agglomerates are dissolved. A homogeneous mixture of fine powders can be achieved dosing two powders into the ultrasonic acoustic field inside a mixing chamber, see Figure 14 . The powders are deagglomerated, dispersed, and a fine powder dust is formed. Due to turbulences in the mixing chamber, caused by the same acoustic field, the dust of the two powders is mixed. At the outlet of the mixing chamber, a homogeneously distributed powder mixture is obtained. Figure 15 shows the results of mixing flour and cocoa. Without using ultrasound, large agglomerates occur, see Figure 15a . When ultrasound is applied, a homogeneously distributed powder mixture is achieved, see Figure 15b . 
Conclusions
It was shown that the use of vibrations enhances the handling of dry fine powders. Vibrations can be used to fluidize powders, prevent deposits, reduce effective friction, deagglomerate, disperse and mix powders. Depending on the application, low-frequency or high-frequency vibrations are required to achieve optimum effects in increasing flowability, reducing friction forces and separation of agglomerates. Thus, the application of vibration is a powerful technique to improve dosing, transport, deagglomeration, dispersion and mixing of fine powders.
The dosing systems shown in Figure 3a ,b are able to generate powder flows in the range of a few mg/s up to a few g/s. The shown transportation principle is able to transport powders with flow rates of a few g/s but also single particles. The mixing principle achieves best results with low powder flows at low speeds. Thus, the principles shown are well suited for use in laboratory equipment or in other processes with small powder flows.
